Keywords: liquid phase STEM, environmental TEM, electron beam damage, silica nanoparticles, radical scavenging Liquid phase transmission electron microscopy (LP-TEM) is a novel and highly promising technique for the in situ study of important nanoscale processes, in particular the synthesis and modification of various nanostructures in a liquid. Destabilization of the samples, including reduction, oxidation or dissolution by interactions between electron beam, liquid and sample is still one of the main challenges of this technique. In this work we focused on amorphous silica nanospheres and the phenomena behind their reshaping and dissolution in LP-TEM. It is proposed that silica degradation is primarily the result of reducing radical formation in the liquid phase and the subsequent accelerated hydroxylation of the silica, while alterations in silica solid structure, pH and oxidizing species formation had limited influence.
such methods to overcome adverse effects in LP-TEM is of the utmost importance for further development and implementation of this technique in studies of nanoscale processes in liquid.
Introduction
For decades, Transmission Electron Microscopy (TEM) has been a leading technique for investigations of nanoscale morphology and even atomic structure of a variety of materials. [1] [2] [3] [4] However, one of the main limitations of conventional TEM is that the sample can only be imaged in a vacuum. Although the electron beam can be utilized to drive nanoscale dynamic processes in this environment, [5] the possibilities to study such processes taking place in gaseous or liquid environment, such as fabrication of microelectromechanical systems (MEMS) and microsupercapacitors (MSC), [6] nanoparticle formation and catalyst synthesis, [7, 8] is severely limited. Recently developed liquid phase TEM (LP-TEM) offers a mean to overcome this challenge, allowing samples to be imaged in a liquid with nanoscale spatial resolution and high temporal resolution. [9] [10] [11] The most popular method to perform these experiments is by utilizing the closed cell design, [12] which encloses the sample and liquid between two silicon nitride windows in a dedicated holder, although enclosing liquids between two graphene layers [13, 14] or differential aperture pumping techniques have also been utilized. [15] The closed cell technique has already been employed to study nanoscale dynamic processes such as biomineralization, [16, 17] carbon nanotube degradation by macrophages, [18] nanoparticle movement and interactions, [19, 20] electrochemical deposition and growth [21] [22] [23] and in particular nucleation and growth induced by the electron beam. [24] [25] [26] [27] The majority of the published articles highlight an important challenge in liquid phase TEM, which is to distinguish electron beam induced effects from the phenomena under investigation, and ultimately to suppress these effects. Along with the beam damage already known from TEM imaging in vacuum, [28] liquid phase TEM suffers from additional beam induced effects. [29] The most prominent challenge being the formation of radicals and other reactive species in the liquid upon electron beam irradiation, which significantly changes local chemistry. [30] It was recently found that such a change in chemistry also affects oxides, materials usually considered quite stable under electron beam irradiation. [31] This destabilizing effect is also seen for amorphous SiO2, an important oxide in many nanoscale applications, [32] [33] [34] which although stable in vacuum, is severely destabilized by electron beam induced chemistry in water. [35, 36] Specifically, it was shown that upon imaging with a scanning electron beam, silica nanospheres tended to elongate in the scanning direction of the beam and shrink significantly over time. To date however, most studies in LP-TEM focused on metallic nanoparticles, resulting in a limited understanding of oxide behavior under these conditions.
To enable LP-TEM studies free from adverse electron beam effects, on not only amorphous silica, but also other metals and oxides, or possibly even utilize such beam-induced chemistry changes, [37] it is vital to improve our understanding of these degradation phenomena. In this article, we investigate the factors contributing to the degradation of amorphous silica in LP-TEM, focusing on the oxide structure and the beam-induced chemistry changes of the environment and demonstrate that the main route of degradation is related to the formation of reducing radicals in the liquid phase. In addition, using Environmental TEM (ETEM), we demonstrate that similar electron beam induced degradation phenomena takes place when water vapor instead of liquid water is present, with a strong dependence on water partial pressure. Identifying this degradation route allowed us to develop a method to mitigate electron beam induced effects by scavenging these radicals. The accomplished stabilization of amorphous silica is an important and promising step towards establishing controlled conditions for imaging nanomaterials in in situ TEM experiments.
Results and Discussion
In this study, amorphous silica spheres prepared using the Stöber method [38] were used as a model system to establish the impact of the electron beam during the LP-TEM imaging and As seen in Figure 1 , silica particles vary in size, and the majority of the particles have a diameter between 60-100 nm, but with a fraction of 20-30 nm diameter particles (see also Supporting Figure S1 ). As was previously reported [35] and also visible in Figure 1c , the scanning of the electron beam introduced elongation in the scanning direction and shrinkage of particles.
Influence of Silica Solid Structure
One of the possible parameters relevant for silica degradation observed in Figure 1c is the solid structure of the silica itself, in particular the porosity and the degree of hydroxylation of both the surface and bulk of the particles. [35] Lowering the degree of silica condensation could result in increasing susceptibility towards excitation and destabilization by the electron beam.
This would facilitate reactions with water, leading to the formation of soluble Si(OH)4 species thought to be responsible for the deformation and dissolution of the particles. To investigate the potential influence of the silica structure, the silica nanospheres were submitted to a heat treatment in stagnant air at temperatures ranging from 400 °C to 1000 °C. By varying the temperature of the calcination step, the structural properties of the silica nanospheres were altered, with higher calcination temperatures resulting in a decrease of both porosity and number of hydroxyl groups according to literature. [39] [40] [41] Nitrogen physisorption was performed to investigate the change in porosity and surface area of these samples ( Table 1) . As can be observed, upon increasing calcination temperature a significant decrease in surface area occurred, which can be partly attributed to the collapse of pores, as a reduction in pore volume is also observed. Another likely contribution to the decrease in surface area is the sintering of the small 20-30 nm silica particles observed in Figure 1a . These small particles underwent considerable sintering with each other, but not with the larger spherical particles, which did not sinter or grow at all, as can be observed in the images and histograms in Supporting Figure S1 . Although present, these smaller particles
were not studied in the LP-TEM experiments as their visibility was impaired by the micron thick liquid layer. Images showing silica particles before each change in scanning direction and movies of the whole experiment are available in the Supporting Figure S2 and Supporting Movies 1 and 2. In accordance with previous research, [35] the particles tended to elongate in the scanning direction of the beam, while shrinking in the direction perpendicular to that (Supporting Figure S2 ). The material removal rate in the perpendicular direction was found to be higher than the growth of the particles in the scanning direction, resulting in a net loss of volume.
The quantification of the size change of the silica particles was performed by determining the total surface area of the TEM projection of the particles assuming a perfect ellipse.
Deformation in the z-axis perpendicular to the image plane was considered negligible, since previous work demonstrated no size change in the z-axis by imaging of the deformed particles at different tilt angles. [35] The quantitative analysis of the particle size change averaged over 10-20 silica particles before and after each change in scanning direction is shown in Figure   2c . After 5 minutes of exposure samples calcined at higher calcination temperatures seem more stable, with even an expansion observed for the silica spheres calcined at 1000 ˚C. This might indicate the initial hydroxylation of silica is more extensive for samples that have been largely dehydroxylated. However, no statistically significant difference or trend can be observed after 5-15 minutes between silica samples calcined at different temperatures, indicating that the initial silica structure and porosity seem to be of limited influence. We tentatively propose that independent of the initial structure, the silica-water system is quickly 'equilibrated' to the same reactive state after which silica dissolves at similar rates.
In previous work the apparent elongation was reported to proceed through both shrinkage via dissolution of the particles parallel to the electron beam scanning direction and growth via redeposition of silica species at the sides of the particles. However, a closer look at the particles studied here indicates that dissolution is likely the prevailing cause for this shape change. As is shown in Figure 2d , growth of the particle axis in the scanning direction is limited, except for the time before the first change in scanning direction. The shrinkage of the axis perpendicular to the scanning direction on the other hand is far more significant. This indicates that material was preferentially removed from the sides of the particle aligned with the scanning direction, with only limited re-deposition at the ends of the particle.
A possible explanation for this preferential removal could be that at the sides of particles aligned with the scanning direction, the beam-liquid-particle surface interface is the largest, resulting in accumulation of reactive species along that surface. For the rest of the particle, as the beam scans across it, this interface is smaller resulting in less radical accumulation and a diminished effect on the silica particles, as the lifetime of the formed radicals is just a few microseconds.
[42]
Influence of Organic Liquids
Another possible explanation for the observed silica degradation involves the changes in local chemistry of the liquid induced by the beam. In water, this chemistry is relatively complex with many species being formed upon ionization or excitation of water molecules by the electron beam and the consequent reaction network. [42, 43] According to literature, the most To reduce the number of reactive species brought about by water radiolysis, LP-TEM imaging of silica spheres was also performed in toluene and in octane, which both have a very different radical chemistry. In these experiments, the same scanning conditions as in Figure 2 were applied with the sample of silica calcined at 800 ˚C. In these nonpolar organic systems, the formation of ionic species is much more limited due to the significantly lower relative permittivity compared to water. This results in a much higher chance of recombination of ions formed by the electron beam and ensures that the beam-induced radical chemistry in these liquids is dominated by excitations and associated homolytic bond cleavage. [42, 44] Due to this and the preference for C-H bond cleavage over C-C bond cleavage, the main species produced by the electron beam are H· and CxHy·, both strongly reducing radicals.
The results of these experiments are shown in Figure 3 and Supporting Figure S3 . The degradation of silica in both toluene and octane is remarkably similar when compared to that of water. For toluene, no statistically significant difference is found, while for the octane a minor difference in degradation at highest accumulated dose can be observed. Considering that silica nanoparticles do not deform and degrade when imaged in vacuum, it is probable that degradation observed in water, toluene and octane is due to beam-induced liquid chemistry. The most likely explanation would be that the degradation is caused by reducing radicals, namely e -(aq), CxHy· and H·, the last one being the only produced species all three liquids have in common.
Radical Scavenging Solutes
To investigate the hypothesis that reducing radicals contribute to the observed degradation of silica, an additional series of experiments was performed with solutes added to water, namely acetic acid buffer, phosphoric acid buffer and potassium persulfate. Although the high dose rates encountered in LP-TEM generally result in a significantly higher number of radicals compared to radiation chemistry studies and rapid consumption of scavengers, only a very small part of the liquid is irradiated. Diffusion from outside the irradiated area can compensate for this loss up to very high dose rates, even with low concentrations. According to calculations, typical steady state concentrations of reducing radicals are <10 μmol dm -3 in deaerated water, [43] indicating that concentrations of 0.1 mol dm -3 should be sufficient to significantly decrease steady state radical concentrations. As direct detection of radical species and their reactions is as yet not possible in TEM, only indirect evidence in the form of changing silica behavior upon the addition of radical scavengers is available. Acetic acid, along with other organic acids, is one such radical scavenger and is capable of scavenging radicals through reactions 1 and 2, which results in the elimination of e -(aq), OH· and H· and the formation of the ·CH2COO(H) radical, which is known to rapidly dimerize to succinate. [42, 45] 
CH 3 -COO(H) + ·H/OH·  ·CH 2 COO(H) + H 2 (O)

·CH COO(H) (CH ) (COO(H)) (2)
As can be observed in Figure 4a -c, Supporting Figure S4 and the Supporting Movies 3 and 4, the acetic acid buffer was capable of substantially stabilizing the amorphous silica nanoparticles calcined at 800 ˚C, with a clear dose-response relation for lower concentrations.
When using a concentration of 0.2 mol dm -3 of acetic acid buffer, surface area of the silica particles decreased by less than 10% even after 33 minutes of intense radiation, which is significantly less compared to more than 50% loss in the case of pure water. At concentrations higher than 0.2 mol dm -3 , this stability decreased again, although it still surpassed that of pure water. This effect is likely a result of the direct radiolysis of the acetate itself, which produces significant numbers of H· radicals. The effects of direct radiolysis for solutes is usually not observed at low concentrations (<0.1 mol dm -3 ), but at higher concentrations becomes increasingly prevalent, resulting in an optimum between scavenging and additional radical production. [42] Besides being a scavenger for most of the radicals produced by electron beam radiolysis of water, the acetic acid buffer could also have a buffering effect, which could mitigate the influence of protons and hydroxide ions also produced upon water radiolysis, although previous work on other oxides seem to indicate increased acidity is of limited influence on dissolution kinetics. [31] Calculations do indicate that electron beam H + yield is higher than the hydroxide yield in most aqueous liquids, which would result in a mildly acidic solution, but the local activity of the OH -ion is also higher than in pure water. [43] As silica solubility increases with higher OH -activity, this could indicate that an acidic buffer is capable of stabilizing the particle as well. To ensure that the observed stabilizing effect is due to the reducing H· radicals and not due to a buffering effect of the acetate solution, the same experiment was performed with a 0.2 mol dm -3 phosphoric acid buffer. The results presented in Figure 4d and Supporting Figure S5 clearly Figure 4d and Supporting Figure S5 clearly illustrate that the addition of potassium persulfate was also able to stabilize the silica, with a very comparable effect to that of the same concentration of acetic acid buffer. This indicates that ·OH seems to be of limited influence to the SiO2 degradation.
Another interesting observation is that the particles investigated in experiments with radical scavengers remained much more spherical than their counterparts in water. Although this can be explained partially by the shrinkage being more limited, the effect is even observed for particles still losing a significant amount of surface area, such as the 0.1 mol dm -3 K2S2O8.
Environmental TEM using gaseous H 2 O
To further investigate the extent to which presence of water influences silica degradation during in situ STEM imaging, a series of electron beam scanning experiments was performed with the silica in vacuum and in contact with water vapor partial pressures between 0.01 and 1 mbar in a dedicated ETEM. Based on the LP-TEM study, deformation of silica was expected to some extent due to the presence of water, while shrinkage, which occurs mainly through dissolution was not expected due to the absence of a water layer in which dissolved silica species would diffuse.
As can be observed in Figure 5 and Supporting Figure 6 a single particle (Supporting Figure   6 ) did not change to any significant extent after 30 minutes of continuous electron beam scanning, even at 1 mbar of water vapor. However, when close together particles started to sinter quite rapidly when they were in contact with water vapor, as can be seen in Supporting Movie 5. The rate of sintering seemed to be dependent on the H2O partial pressure as well, whereby an increase of water partial pressure from 0.01 mbar to 0.1 mbar and 1 mbar clearly resulted in an acceleration of sintering, as can be observed from Supporting Figure 6 . The effect of water on the mobility of the SiO2 was quite pronounced, especially when comparing the experiments with and without silica drying at 600 °C for 2 hours in the TEM vacuum ( Figure 5 ). Drying clearly lead to an appreciable difference in sintering rate, indicating that even the small amount of adsorbed water from the air can significantly influence silica behavior during electron beam scanning.
Model of Silica Deformation and Degradation
To understand the mechanism of silica degradation under LP-TEM conditions two important phenomena observed in this study will be considered: detrimental influence of reducing radicals formed by the electron beam-induced water radiolysis and the stabilizing effect of radical scavengers. As suggested previously, [35] mass loss occurs primarily as a result of dissolution of silica, which in water is predominantly through formation of silicic acid or Si(OH)4 species. The formation of silicic acid requires hydroxylation of the silica, which usually proceeds through the opening/hydrolysis of siloxane bonds by H2O. [46] Earlier study showed that breaking silicon-oxygen bonds can be facilitated by low-energy electrons (300-500 eV) in combination with a thin layer of amorphous ice, although the mechanism was not entirely clear. [47] Based on the results of this study, we argue that the cleavage of the siloxane bonds is likely accelerated through a reaction with reducing radicals. A possible mechanism for this is through the partial reduction of silica by a hydrogen radical through reaction 4, which leads to the formation of a dangling bond. This dangling bond is highly reactive and can subsequently react with water according to reaction 5, forming another hydroxyl group and hydrogen radical.
≡Si-O-Si≡ + ·H  ≡Si-OH + ≡Si· (4)
≡Si· + H 2 O  ≡Si-OH + ·H (5)
A similar process is expected to occur in toluene and octane, with reaction 5 involving the hydrocarbon species or a hydrocarbon radical instead of water. This would result in the formation of organosilicon compounds with a mixture of silanol, alkoxide and organosilicon groups. These compounds are known to be kinetically stable [48] and expected to be quite soluble as the groups attached to the silicon atom are derived from the solvent. As a result, a similar shrinkage and degradation of silica particles is expected, considering that the process proceeds via dissolution of soluble silica species. In the absence of surrounding liquid, as demonstrated in ETEM studies with water vapor, dissolved silica species are prevented from diffusing away from the particles, limiting thus the degradation to sintering and moderate shape change, which is likely the result of the increase in mobility of silica species.
Although it is possible for the electron beam to cleave the silicon-oxygen bond, [49] it is unlikely that it would be the main mechanism, as the altering of the liquid chemistry would have far less influence than observed. Furthermore, the observed anisotropy in the shape change couldn't be explained, since there was no difference in electron beam exposure across the particle.
Conclusion
Identifying the cause and mitigating degradation of amorphous silica and other oxide and metal particles during liquid phase TEM is crucial for enabling application of this technique in studies of dynamic nanoscale processes in liquid. As shown here, the main process responsible for silica degradation is an electron beam induced local change in chemistry, both in liquid and gas phase water in contact with the silica. We propose that reducing radicals produced by the electron beam are the species responsible for this degradation, while oxidizing species, local changes in pH and the nature of the solid silica do not have a pronounced influence. The addition of species capable of scavenging reducing radicals remarkably lessened the degradation, to the extent that amorphous silica can be more easily used for LP-TEM investigations. Devising such a method for mitigating silica degradation is an important step for the LP-TEM technique, as it allows not only the study of SiO2 and silica-based materials in a liquid phase, but also demonstrates that a higher degree of control in LP-TEM experiments is feasible.
Experimental Section
Silica preparation: Spherical silica nanoparticles were prepared adopting the procedure from Stöber et al. [38] In a typical experiment, a mixture of of NH3 solution (11.25 Liquid cell preparation: A small amount of the prepared silica was dispersed in isopropanol (2 cm 3 , 99.9%, Sigma-Aldrich) and sonicated for at least 15 minutes to disperse agglomerates.
A droplet of this suspension (0.5 mm 3 ) was placed and left for 5 minutes to evaporate on the silicon nitride (SixNy) layer of the large silicon liquid cell chip with a 50 nm thick SixNy window with dimensions of 20x550 µm (Protochips Inc., USA). A small silicon chip also containing a 20x550 µm SixNy window and 150 nm gold spacers to separate the two chips, was then placed in the dedicated liquid cell TEM holder (Protochips Inc., USA), a drop of pure water (1 mm 3 , sterile-filtered, Bioreagent, ≤1 Eu cm -3 , ≤5 ppm metal impurities, SigmaAldrich) was added on top of it and the cell was subsequently assembled by placing the large silicon chip on top. In this configuration, the sample is dispersed on the top chip when the holder is inserted in the microscope for optimal spatial resolution in STEM mode. [9] Both the large and small chip were plasma cleaned in an 80%Ar/20%O2 plasma for two minutes before the sample was dispersed to render the chip surface hydrophilic.
Liquid Cell TEM Experiments:
Liquid cell experiments were performed using a Talos The particles were assumed to be perfect ellipses throughout the entire experiment and to determine the area, the length of the long and short axis of each ellipse was measured at these image numbers, as well as in the first and last image. Only particles that were sufficiently large to be observable and remained in the field of view during the entire measurement were measured. For each experiment at least 2 different locations were chosen for measurements which contained at least 5 suitable particles each. In total, between 10 and 20 particles were measured and results were averaged for each different condition investigated.
All experiments were performed with the silica particles prepared at a final calcination temperature of 800 ˚C, except for the experiments in which the effect of silica calcination temperature was studied, in which case the silica samples selected were calcined at 400 ˚C, 600 ˚C, 800 ˚C and 1000 ˚C. The experiments were performed in ultrapure water (≤5 ppm metal impurities, Sigma-Aldrich), toluene (≥99.7%, Sigma-Aldrich) or octane (≥99%, SigmaAldrich). All solutions used were prepared using ultrapure water. For all ETEM experiments, a suitable particle or group of particles was selected and then subjected to continuous scanning for 180 images, corresponding to 30 minutes, or until all particles disappeared from the field of view as a result of electrostatic charging. Samples were scanned in vacuum (~10 -7 mbar) at room temperature both before and after being heated at 600 °C for 2 hours inside the column to remove any adsorbed moisture. Afterwards, the water vapor pressure was increased in steps up to 1 mbar and scanning experiments were performed at 0.01, 0.1 and 1 mbar of water partial pressure at room temperature.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author and contains additional data on the particle size distribution and structure of all silica nanospheres ( Figure S1 ), liquid cell HAADF-STEM images used for the data point measurements ( Figures  S2-S5 ) and additional images on the sintering speed dependence on H2O partial pressure in the ETEM experiments ( Figure S6 ).
Also available are five movies of silica nanoparticles being exposed to the electron beam, with movie M1, M2 and M3 showing particles calcined at 400 °C, 1000 °C and 800 °C in H2O respectively. In movie M4, limited degradation of particles in 0.2 mol dm -3 acetic acid is displayed and in movie M5, silica nanoparticles sintering under the influence of the electron beam in 1 mbar H2O is shown. 
